Abstract: Two puzzling facts of international real business cycles are 1) weak or negative correlations between the terms of trade and output, and 2) a rise in relative consumption for countries where national goods become relatively more expensive. We show these puzzles either vanish or become much weaker in recent data. We propose a new mechanism that generates endogenous international price movements that are consistent with both the "old" and the "new" facts. In this mechanism, firms operating in a monopolistically competitive environment adjust price and quality of their products in response to technological shocks. This model is consistent with the old facts if price levels are not adjusted for quality. Instead, if quality adjustments to price level are introduced, the model's properties are in line with the new facts.
Two common observations of the international real business cycle literature with regard to international price dynamics are 1) a negative correlation between the terms of trade 1 and output (Backus et al., 1994) and 2) a rise in relative consumption in a country where goods become relatively more expensive (Backus and Smith, 1993) . Columns 2 and 3 of Table 3 in the Appendix report these correlations for the twelve largest economies in the Organisation for Economic Co-operation and Development (OECD) between 1971 and 1998. 2 Standard models of international RBCs predict the exact opposite of these observations. In particular, the failure to replicate the correlation between relative consumption and the real exchange rate is typically referred to as the Backus-Smith puzzle. The rst goal of this paper is to provide an explanation for the failure of standard models to account for these facts.
Interestingly, a closer look at more recent data would suggest that a fundamental change has occurred to the dynamics of international prices.
Columns 4-7 of Table 3 show the same correlations for the period [1999] [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] and their change. Surprisingly, the correlation between output and the terms of trade is now strongly positive for most countries. The Backus-Smith puzzle
We adhere to standards of the international RBC literature and dene terms of trade as the price of imports divided by the price of exports.
Terms of trade are computed as the ratio of the price deator for imports and the price deator for exports, while price deators are calculated as the ratio of imports (exports) in current prices and their corresponding value in real terms. See the appendix for details on the data.
3 is weaker for all but one of the twelve OECD economies in our sample. This poses a great challenge for any theory of international price dynamics. Not only should this theory explain the old puzzles, but it should also be able to provide a rationale for the dramatic change of these correlations in recent years. The second objective of this paper is to provide a possible explanation for the reversal or weakening of the aforementioned puzzles.
We present a simple yet powerful mechanism capable of generating international price correlations that are consistent with these facts. Our mechanism consists of giving rms a second dimension of production, namely quality. In standard models, price-taking rms choose to expand production in response to lower production costs as a result of a positive technology shock (rms like to make hay when the sun shines). This is the only possible response for rms, so naturally an increase in the domestic supply of goods puts downward pressure on prices. In the model proposed, producers have the option to spend their productivity gains dierently by improving the quality of their products. This aects goods prices through two channels:
1) a demand-side channel, whereby higher-quality goods are more valued by consumers, and 2) a supply-side channel, since producing higher quality goods is generally costlier. Both eects push prices of domestic goods up instead of down.
Quantity and quality changes push prices in opposite directions whereas, when rms could only reduce prices after technology improvements, we only had downward pressure on prices. It then remains a quantitative question 4 whether the eect of quality improvements is strong enough to oset or even dominate the response in quantities. To test this, we calibrate the model to match a number of features of the US economy over the 1971-1998 period.
We argue that the signs and magnitudes of international price correlations generated by this model crucially depend on how price levels are measured.
We nd that international price uctuations are much closer to the ones we observe in the data for 1971-1998 if we assume that statistical agencies ignore changes in quality in their price level calculations. On the other hand, adjusting price levels for shifts in good quality aects the time series properties of the model in a way that is consistent with more recent data.
This change in the way price levels are determined by statistical agencies is in line with their methodological history. Quality adjustments to price indices in the US and elsewhere have improved over the years. One big push in this direction came partly in response to the 1996 Boskin commission report 3 . This report lead to an expanded use of hedonic methods and more frequent updating of the goods in the consumer's basket used to calculate the CPI (Johnson et al., 2006) . Quality adjustments have also been increasingly important in price adjustments performed by the U.S. Bureau of Economic Analysis (BEA) in the national accounts (Wasshausen and Moulton, 2006) .
They are quite signicant in categories of goods that are of great importance to trade, such as vehicles, consumer electronics, or apparel. 4 The ndings in ! http://www.ssa.gov/history/reports/boskinrpt.html#list " For a short and comprehensive introduction with examples to hedonic price construction and its relevancy in CPI, search for Hedonic Quality Adjustment in the CPI in Table 3 suggest the possibility that recently introduced quality adjustments to price indices have reduced the discrepancies between theory and data. We interpret this as evidence of the importance of the mechanism presented in this paper.
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Following the seminal works of Backus, Kehoe, and Kydland (1992, 1994) , many studies have tried to explain the puzzle of strongly pro-cyclical terms of trade as well as the Backus-Smith puzzle, though so far the results seem unconvincing. As we mentioned before, the correlation reversal observed in the data is a fact that has not yet been addressed by the literature: none of the papers we refer to in the following paragraphs seeks to explain this issue.
The solutions proposed generally fall within one of the following two lines of research: First, a number of papers address the issue by introducing new shocks that mitigate or even reverse the eects of productivity shocks on the terms of trade. This avenue was pioneered by Stockman and Tesar (1995) , who add exogenous taste shocks to a standard model with non-traded goods.
This innovation solves many of the problems of the theory, but at the expense of a deterioration in the correlation between the trade balance and output and the introduction of hardly identiable structural disturbances. The eects of quality changes are similar to the eects of taste shocks. The advantage Bureau of Labor Statistics (BLS) web-page.
# BLS kindly answered to our questions that they have not computed hedonic prices in retrospect to homogenize the series. It would be, indeed, extremely dicult to go back to every period and compute the progression of quality, feature by feature of every good in the basket of consumption. Moreover, at the time, this basket was not updated as often as it has been recommended after Boskin commission report.
6 of the mechanism we propose is that it retains most of the parsimony of the original model because it refrains from introducing new exogenous disturbances into the standard theory, as quality is determined endogenously. Backus and Crucini (2000) extend the basic international RBC model to include oil as a production input and, a third oil producing country with exogenous shocks to its supply of oil. Their baseline model has problems in matching the volatility of trade and terms of trade yet it does a reasonably good job at matching the direction (but not the magnitude) of the correlations between output, the trade ratio, and the terms of trade. and they have to make two decisions each period, one for price and one for quality. The following section outlines these dierences in detail.
The rest of the paper is organized as follows: Section 2 presents the basic model of a dynamic, general equilibrium economy with quality selection in production. Section 3 explains how statistical agencies in our model measure business cycle statistics with and without quality adjustments, and then evaluates the quantitative predictions of the model. Section 4 concludes.
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The economy consists of two countries, Home and Foreign, receiving dierent streams of technological shocks. Whenever necessary, we use an asterisk to dierentiate Foreign country variables from Home country variables. Population is normalized to a mass one of households that live and work in their own country.We assume the price of the nal good to be the numeraire.
Households
Preferences of the representative agent in each country are characterized by a utility function of the form U (c, 1 − n), where c and n are consumption and the share of hours worked over the endowment of time, respectively.
The function is concave in both arguments. Individuals can save in form of capital k, or bonds b; capital is immobile across countries, while bonds allow international borrowing and lending so that trade need not be balanced every period. Let x denote irreversible investment in capital goods. Let w t , R t , and r t respectively denote wages, the rental price of capital at time t, and the price of bonds at time t that pay one unit of the nal good the next period.
Following Heathcote and Perri (2002) , we assume there is a small quadratic cost to holding bonds to make the model stationary. Households solve
subject, every period, to
Following Backus and Crucini (2000) , physical capital formation is subject to adjustment costs captured by ψ, a function such that ψ > 0, ψ ′ > 0, and
Final good rm
The nal goods sector is competitive. Final goods technology uses both domestic and imported inputs, both of which are available in a large number of varieties. Final output depends on the quantity as well as the quality of each of the intermediate goods used in production and it is sold domestically.
The nal good rm takes prices and qualities of intermediates as given and chooses the amount of each input that it needs for production. Therefore, the production function is
where I t stands for the number of domestic and I * t for the number of foreign rms/varieties, d i,t is the total quantity produced domestically and consumed domestically, m i * ,t is the total quantity produced abroad and consumed do-mestically, while q i and q i * capture quality at home and abroad, respectively.
More broadly, q may be interpreted as a characteristic of the good that makes it more or less desirable. Producers can invest in increasing desirability of their goods by raising the quality of their products as well as by spending on advertising that aects how consumers perceive the benets they derive from consumption of this good. ν ∈ (0, 1) determines the elasticity of substitution between varieties, and α ∈ (0.5, 1) captures home bias in consumption. The problem of the nal good rm is:
wherep i * ,t are foreign export prices. This determines the demand for each variety as
The demand of each production input increases with domestic absorption, Y t , decreases with the price and increases with the quality of the input. In a model without quality if a nal good producer takes aggregate nal good production as given, the demand of intermediates depends exclusively on prices: if prices go up, demand must automatically go down. In this model however, the demand of a good also depends on its quality. If quality goes up enough, demand for an intermediate good may increase even after an increase in its price.
Intermediate good rms
Intermediate good rms operate in a monopolistically competitive environment, so in terms of market structure this model is closest to Ghironi and Melitz (2005) with three important dierences: First, to keep things simple, rms in this setting are homogeneous (they all have the same level of productivity and receive the same productivity shock). Second, rms choose not only a price for their products but also an associated quality. More broadly, q may be interpreted as a characteristic of the good other than price that makes it more or less desirable. Hence, producers may invest in increasing desirability of their goods by raising the perceived quality of their products or, for instance, by improving the quality of the materials. So that, producers can actually decide the level of quality every period, climbing up and down the quality ladder. 7 And third, we explicitly introduce capital by requiring that rms rent F units of capital every period to operate.
The only (variable) input of production in this sector is labor. Workers % Have in mind, for example, Skoda, which oered a basic model of their Fabia without air-conditioning or electric windows during the last crisis, although they have the technology to introduce these extras. Introducing them would not require R+D but it would raise the cost of production.
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in each rm can be assigned to either production tasks or quality generating tasks. Demand for labor devoted to manufacturing of good i is labeled l i,y , while demand for labor devoted to generating a certain level of good quality is labeled l i,q . Quality is purely determined by the amount of labor put into quality augmenting activities, q i = l i,q . The production technology is given by
where z t is a productivity draw common to every rm at time t. The constant ρ captures how q aects production costs: holding z constant, if ρ > 0 then higher quality goods require more production workers per unit of output. Taking factor prices as given, intermediate rms maximize prots every period t:
subject to the optimal demand equations (2.2), (2.3), and the condition that production must be able to meet demand
One can easily show that for a maximum it is sucient to have ν < 1/(2 − ρ). There are no barriers of entry for new rms in this sector so that the 14 equilibrium number of rms is given by the zero prot condition. From the maximization problem, optimal quality and prices are given bȳ
where
Note that prices are dependent on quality. There is a xed mark-up over the unit cost of 1/ν. Note also that the condition ν < 1/(2 − ρ) ensures that the outer exponential in the expression for quality is positive. So that, we can expect to observe that quality increases with positive technology shocks.
Finally, the solution to this problem implies a constant relationship between l y and l q . This is very convenient in calibrating the model: & This implies that a product is dened at the beginning of the series, with its initial price as a reference, and it is considered to be exactly the same product over the whole period.
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In this scenario, real Gross Domestic Product (GDP) is measured as
while observed domestic absorption (i.e., the total demand of all nal goods and services used in the country, originated either from domestic production (GDP) or imported from abroad) is given bŷ
Y t is allocated to consumption and investment. We assume the share ofŶ t that is consumed is exactly the same as the share of Y t that is consumed, hence observed consumption is:
Similarly, observed investment isx t ≡Ŷ 
Finally, we dene the real exchange rate as the ratio of these price indexes:
Now suppose that the statistical agency observes quality and it can adjust prices to reect changes in this dimension of each good. We assume that the statistical agency makes the following correction:
This is the ideal correction given the expression for optimal prices ((2.5)). It guarantees that in the steady state both adjusted and non-adjusted variables are the same. The agency then replaces p ss byp t in all the expressions above.
Calibration
We use the standard utility function U (c, 1 (2011) we assume a cost of holding bonds (ϕ b ) equal to one basis point. We set α to obtain an import share of 15% and µ to obtain a share of hours worked equal to 0.34. The capital adjustment cost parameter η is set so that the standard deviation of investment is about three times that of output. The value of the trade elasticity ν is set to 0.67, so that investment is close to 23% of GDP. The reason why this parameter strongly aects the level of investment is that under monopolistic competition with free entry, a low degree of substitutability between intermediate goods implies a high mark-up over marginal costs, which creates incentives for many rms to enter the market. Since capital is a xed cost that is independent of the rm, the level of investment will crucially depend on the number of rms that enter the market each period. The value used is in line with the one in Ghironi and Melitz (2005) , who justify their choice based on rm level evidence documented by Bernard et al. (2003) . The parameter F is set so that the correlation between output and investment is close to 0.94.
The parameters calibrated so far are pretty common to most of the papers in the literature, and their values do not signicantly dier from those in other studies either. This is not the case of ρ, which captures how changes in quality aect the costs of production. Equation (2.6) shows that this pa-rameter determines the xed relationship between the number of workers in production tasks and the number of workers in quality tasks. To calibrate this parameter we rst determine a plausible range. BLS data for 2009 reveals that between 2.3 and 6.5% of the workforce in US may be classied as quality tasks employees, depending on the conservativeness of the measure. 
Productivity process
The shock process has the usual form,
where ϵ t is a vector of normally distributed shocks, independent from past values. The cross-country correlation of shocks is set to match the cross-' Our model considers two types of workers: those devoted to quality and those devoted to production tasks. Therefore, to obtain ρ from the data, we also consider two general groups: quality workers and the rest. See the Appendix for details.
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country correlation of outputs, while the variance of shocks is set so that the standard deviation of output is 0.017. Finally, the values in the transition matrix of technology shocks (A) are set to coincide with empirical estimations available in the literature. The cross-country spillovers are set to 0.088, as in Backus et al. (1994) . The persistence of the shock is 0.85. Pancrazi and Vukotic (2013) provide evidence that shows how total factor productivity shocks have increased their persistence over the last decades, from around 0.6 to 0.85.
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Compared to the values estimated in the literature (see, for instance Heathcote and Perri (2002) ), the model requires a productivity process that has about 50% higher variance, and a cross-country correlation that is also about 50% above their value. It should be noted, however, that if instead of the calibrated process one uses the specications from this literature, the main results from the paper are not aected. The complete parameterization of the model is given in Table 1 .
Simulation
Simulation results are presented in Table 2 . These are averages over 50 simulations of 200 periods after discarding the rst 100 periods. Let us rst evaluate the t of the model with no adjustments for quality to the data for This is the reason we choose 0.85 instead of a value closer to 0.60. with the data, but the magnitude of the change is much too strong. We believe that the discrepancies in the magnitudes of these changes might be explained by a composition eect. Adjustments for quality are not performed for all categories of goods in the actual Consumer Price Index (CPI). Some of the categories of goods that are aected by these adjustments are vehicles, computers, other consumer electronics, apparel, and appliances. These categories of goods represent a large fraction of international trade, but are not as important to the consumption basket of the average consumer. Therefore quality adjustments to these categories will aect import and export deators much more than they aect the CPI. As a consequence, we should expect to see a stronger eect to the terms of trade than to the real exchange rate.
However, the model does not take into account this composition eect.
There are discrepancies in some other aspects of the changes in the data and in the model. The model suggests we should observe an increase in the volatility of macroeconomic aggregates, a reversal in the correlation between net exports and output, and an international de-coupling in the form of weaker cross-country correlations. In fact, the opposite has been observed.
We understand these phenomena may easily be caused by factors that are external to our model. If this is the case, we can exogenously introduce a Great Moderation in the form of lower volatility of the exogenous shocks To appreciate the mechanism driving our results, we plot impulse response functions in Figures 3.1 and 3.2. As the country receives a positive technology shock, quality goes up. This leads to an increase in the price of goods and a decline of quality-adjusted prices. Hence, terms of trade (in the right panel) move in opposite directions depending on whether we apply quality adjustments or not. Output (in the left panel) increases in both cases, though its response is stronger when prices are adjusted for quality. Taken together, this illustrates the negative correlation between output and net exports that
Since some production has shifted toward cheaper places such as China, we were concerned about capturing the changes in world production allocation through the variations in GDP-TOT correlations. If this would have been the case, we would expect a relative increase in import prices and a relative decline in export prices due to changes in composition. To disregard this explanation, we checked the correlation between real GNP and TOT for the two periods and the results are consistent with those of GDP correlations. 
Conclusions
Over the course of a few years, many of the goods we consume have experienced dramatic changes in quality. Most of these have been innovations that occurred slowly but steadily. To the best of our knowledge, this is a fact that has been largely ignored by the international real business cycle literature. From our point of view, it is an important reason for the discrepancies that exist between theoretical model predictions and actual data estimates.
Interestingly, these discrepancies have dwindled in recent years.
How can we arrive at a theory that explains both the reasons for these puzzles as well as their gradual banishment? We have argued that, in order to achieve both of these objectives, one needs two elements: First, a modication of the standard model of international RBCs that takes changes in good quality into account; and Second, a change in price measurement techniques that reects improvements in quality adjustment practices of statistical agencies. The results presented in this study show that taking changes in quality into account has the potential to explain some of the puzzles related to the co-movement of international prices and quantities. The model introduces a mechanism capable of endogenously arriving at this result, without the need of introducing new shocks, thus preserving most of the simplicity of the original model and avoiding many of the pitfalls typically brought about by the 29 introduction of exogenous disturbances. Furthermore, it shows that taking into account recent changes in the methodology of price level calculations has the potential to explain the diminishing importance of the puzzles.
It could be argued that prices in previous models could simply be understood as being quality adjusted, and therefore price drops following productivity gains already reected changes in good quality. The advantage of the framework in this paper is that by explicitly modeling both pricing and quality decisions it is possible to answer the question of whether quality improvements are quantitatively important enough to explain the aforementioned puzzles. Furthermore, our framework acknowledges that price drops and quality enhancements are not necessarily two sides of the same coin. In many cases, the decision to improve quality comes at the expense of higher production costs, such as hiring better engineers or using better materials.
Prot maximizing rms often face this trade-o, and a purely symmetrical model in which price drops and quality improvements are interchangeable completely ignores it.
While the idea that investments in quality are important to business cycle properties is highly intuitive, it would be desirable to nd additional support in the data for this mechanism. Paradoxically, it is precisely the lack of good data on quality that creates the biases in price indices that give relevance to this idea in the rst place. This diculty is probably easier to overcome in certain industries than in others. Finding industry-level data to test the cyclical properties of quality suggested in this paper would be an important complement to the model and an avenue for research to be pursued in the future.
This model also has interesting implications for the estimation of shocks.
Given that changes in quality resemble demand shocks, an econometrician could potentially mistake changes in quality driven by technological shocks with demand shocks that are independent of technology shocks. A closer evaluation of this possibility is another interesting potential extension of this model. Hours worked series are constructed from the OECD-MEI civilian employment index. Rest of the world aggregates are constructed using data from all countries in Table 3 other than the US. Real exchange rates between the US and this ctional country are computed using trade-weighted averages, and hours worked are population-weighted averages. Weights correspond to 1995-2005 averages. Finally, to compute standard deviations and correlations we take logarithms of each of the series (except for net exports, which can be negative) and apply a Hodrick-Prescott lter to detrend them.
Columns 2 and 3 of 
The ratio divides total work force in quality tasks by total employment minus total work force in quality tasks. This implies a ρ of 0.93 and 0.94 for 2009 and 1999 respectively, by using the broad measure; and a ρ = 0.98 for both years by using the conservative measure.
GHH preferences Rao (2008 Rao ( , 2010 shows that many of the inconsistencies between the theory and the data stem from the low volatility of consumption implied by the standard model. He argues that the introduction of an alternative specication of household preferences increases consumption volatility, eliminating some of 39 the model's inconsistencies with the data. We briey explore this possibility.
GHH preferences, introduced by Greenwood et al. (1988) , have the property that the marginal rate of substitution between consumption and leisure is independent of the consumption level within the period. This implies that there is no income eect on labor supply and therefore hours worked respond more strongly to productivity changes, which in turn generates volatility of consumption more in line with the data. GHH preferences are characterized by the following utility function:
For this exercise we set µ = 3.3 to match a Frisch elasticity of 0.43, consistent with estimates (see McClelland and Mok (2012) and Reichling and Whalen (2012) for a discussion), and λ = 8 to match a share of hours worked of a third. We leave all other parameters unchanged with respect to the benchmark model. In contrast to Rao's results, GHH preferences in our model do not generate consumption volatility that is closer to what is observed in the data. This is also the case for net exports and terms of trade (see Table 4 ). 
